The quantum state of the universe combined with the structure of the landscape potential implies a prior that specifies predictions for observations. We compute the prior for CMB related observ- 
I. INTRODUCTION
The Planck collaboration [1, 2] uses a Bayesian analysis to discriminate between models of inflation on the basis of the Planck satellite data of the temperature variations across the cosmic microwave sky 1 . A Bayesian procedure requires a prior 2 . For their inflationary analysis the Planck collaboration mostly adopts a prior that is uniform on certain ranges of model parameters. There is no motivation from theory for this prior. Rather it is designed to reflect ignorance about the underlying theory of cosmology in order to extract information on the physics governing the very early universe implied by data alone. With this prior the Planck collaboration finds strong evidence for an early period of slow-roll inflation driven by a single scalar field. They also find that power law potentials λφ n with n ≥ 2 are disfavored relative to plateau-like potentials [1, 2] .
On the other hand a theory of cosmology that includes both the dynamics and the initial conditions predicts its own prior. This takes the form of probability distributions for cosmological observables. Observables with distributions that are sharply peaked around specific values are predicted with high accuracy by the theory and can be used to test it against observations. In this paper we mainly focus on the effect of the theory of initial conditions on the prior probabilities. In particular in view of the tight constraints on inflationary theory implied by the Planck observations we aim to distinguish between theories of initial conditions on the basis of their predictions for observables connected to the CMB.
We model the dynamics in terms of a scalar field with a landscape potential that includes a range of inflationary patches that are representative of relatively simple single-field models 3 .
The models differ in their predictions for the scalar spectral tilt n s and tensor to scalar ratio r of the fluctuations. We assume the landscape itself has no strong statistical bias that (dis)favors a particular inflationary potential within this set of models. This yields an arena where the theory of initial conditions potentially plays an important role in defining the prior.
We model the theory of initial conditions by a semiclassical wave function. A wave
1 See e.g. [3, 4] for other recent applications of Bayesian probability theory to cosmology. 2 Prior probabilities are probabilities that are given independently of any data. 3 The Planck collaboration threats different models of inflation as different theories. However string theory strongly indicates these should rather be viewed as different patches of a single landscape potential.
function of the universe does not predict a single universe. Rather it populates a given landscape potential with an ensemble of classical universes -backgrounds and fluctuations -and it endows this ensemble with a measure. We adopt the Hartle-Hawking no-boundary wave function (NBWF) [5] as a model of the quantum state. At the semiclassical level the NBWF weights universes by exp(−I) where I is the Euclidean action of a compact regular saddle point that smoothly joins onto the universe when the scale factor is sufficiently large.
It is well-known that the probability distribution over cosmological backgrounds predicted by the NBWF is concentrated around inflationary universes (see e.g. [6, 7] ). The NBWF selects those patches of the landscape where the slow-roll conditions for inflation hold. Hence the landscape essentially reduces to a set of models of inflation in the no-boundary state.
The sum of the probabilities of all universes originating in a given inflationary patch of the landscape implies a relative weighting of the 'models' of inflation contained in the landscape, which then yields a prior over various observables [8] .
We are interested in these prior probabilities for local observables connected to the CMB, such as the multipole coefficients C l characterizing the observed two point correlator. The NBWF predicts the usual probabilities for nearly Gaussian scalar and tensor perturbations around each inflationary background in its ensemble [9, 10] . Probabilities for observables like the C l 's in a given background follow directly from the Gaussian probabilities for perturbations. The latter depend on the shape of the potential patch probed by the background. This is where the relative weighting of different landscape regions enters: If the NBWF prior is sharply peaked around inflationary backgrounds associated with a particular patch of the landscape then the theory predicts we should observe a CMB spectrum characteristic of the potential in that patch.
It turns out this is the case in our model landscape. We find the NBWF predicts our classical cosmological background emerges from a region of eternal inflation near the maximum of a plateau-like potential in the landscape 4 . A region of eternal inflation is a very flat patch, associated with scales beyond those directly probed by CMB fluctuations, where
In a region of eternal inflation the dynamics is governed by the perturbations rather than the classical slow-roll. In plateau-like potentials the eternal inflation condition V > generally holds near the maximum. 4 It was conjectured earlier in [7] that the NBWF favors plateau-like potentials.
The spectral features of the primordial fluctuations on observable scales are predicted to have the usual characteristics of inflationary fluctuations in plateau-like potentials. In particular the theory predicts the combination of n s and r to be in the region of the (n s , r)-plane corresponding to concave potentials (cf [1] ), in excellent agreement with the Planck data.
Finally we find evidence that among the plateau potentials those with a lower maximum are more strongly favored. Within the context of our model landscape this leads to the further prediction of a low tensor to scalar ratio r in the CMB fluctuations.
These predictions rely not only on the structure of the landscape but also on the noboundary theory of initial conditions. In particular, had we done our analysis in the same landscape model but with a wave function that strongly favors inflation at high values of the potential we would have found a rather different result. We return to this point in the conclusion.
II. A LANDSCAPE MODEL
String theory appears to give rise to a landscape of possible worlds. The string landscape is thought to contain a vast number of vacua, including some that have four large dimensions, a small positive cosmological constant Λ, and the Standard Model. In this paper we condition on these features and focus on the shape of the scalar potential in the neighborhood of such vacua. To this end we consider a toy model version of the landscape given by a scalar φ with a multidimensional potential V ( φ) with a single minimum where Λ takes the observed value, and with a range of different potential behaviors in different directions in field space.
There is increasing evidence that the landscape contains a wide variety of potential patches where the slow-roll conditions for inflation hold 5 including regions that admit largefield inflation [12, 13] . On the other hand there is at present no indication that the landscape itself exhibits an exponentially strong statistical bias (dis)favoring a particular inflationary
We incorporate these features of the string landscape in our toy model by including 5 For a pedagogical review of inflation in string theory see [11] . 6 It would be interesting to generalize our analysis to a sector of the string landscape where the relative frequency of different inflationary potentials can be reliably computed (see e.g. [14, 15] for recent work on this). The predictions for observations will then be governed by a combination of the no-boundary weighting and the specific structure of the landscape potential.
FIG. 1:
A slice through the toy model landscape. We are at the bottom of V at the present time.
The pattern of fluctuations in the microwave sky that we observe today depends on the direction in field space the early inflationary universe rolled down from. A theory of initial conditions in the form of a wave function of the universe yields a prior that predicts which spectrum we should see.
directions in field space in which the conditions for inflation are satisfied. We assume different inflationary directions of V are separated by steep barriers and that each direction can be described in terms of an effective single-field model. We consider a number of families of models that are representative of single-field potentials with one or two free parameters 7 .
Specifically our analysis covers exponential and power law potentials [12, 13, 18] as well as plateau-like potentials such as Starobinsky's original model of R 2 inflation [19] in the Einstein frame and the symmetry-breaking potential [20] leading to new inflation [21, 22] .
The models differ in their predictions for the scalar spectral tilt n s and tensor to scalar ratio r of the fluctuations 8 . Most of these models admit a regime of eternal inflation associated with scales beyond those directly probed by CMB fluctuations. We assume the landscape itself has no strong statistical bias that (dis)favors a particular inflationary potential within this set of models. Hence we include no additional weighting factor to account for the relative frequency with which different inflationary potentials occur in the landscape. This will turn 7 The restriction to a small number of free parameters excludes landscape directions where the potential is of the false vacuum form [16] . Such directions give rise to a contribution from open inflationary universes to the NBWF [17] . However false vacua at high potential values turn out to be suppressed by the NBW prior. False vacua at low values require more parameters compared to the potentials we consider, and therefore plausibly occur much less frequently in the landscape. Hence we do not expect that including false vacuum directions will significantly change our results. 8 The generalization of our analysis to landscape models in which Λ and the amplitude Q of the primordial fluctuations varies will be discussed elsewhere [23] .
out to be a good approximation provided the statistical bias is not exponentially strong.
In this toy landscape we find ourselves near the minimum of the potential at the present time. If the field was displaced from the minimum in the past then our universe may have undergone a period of scalar field driven inflation. The pattern of fluctuations in the microwave sky that we observe today will then depend on which direction in field space the early inflationary universe rolled down from (cf. Fig 1) . It is a central goal of theoretical cosmology to predict the pattern we should see. The structure of the landscape is not sufficient to determine this. Indeed the landscape alone does not specify whether inflation occurred at all. To proceed we must first complete the theory with a model of the quantum state of the universe.
III. NO-BOUNDARY MEASURE
At the semiclassical level a quantum state is defined in terms of a wave function Ψ[h ij , φ] on the superspace of real geometries h ij (x) and scalar field configurations φ(x) on a spacelike three-surface Σ that we take to be closed. We adopt the semiclassical no-boundary wave function (NBWF) [5] 
where I R [h ij , φ] and −S[h ij , φ] are the real and imaginary parts of the Euclidean action I evaluated at the extremum. If S varies rapidly compared to I R the wave function takes a WKB form and predicts the configuration evolves as a real classical universe, according to 9 At the semiclassical level the NBWF is specified by a regularity condition that selects the saddle points contributing to the wave function. A similar boundary condition of regularity is often implemented in the context of the Euclidean version of AdS/CFT, which can be thought of as calculating the wave function of a Euclidean universe in a large volume limit [24] . The saddle points of the NBWF associated with Lorentzian universes can be viewed as complex versions of Euclidean AdS domain walls [25] . 10 We use Planck units whereh = c = 8πG = 1.
the Lorentzian Einstein equations. Vice versa, a given classical universe is predicted by the NBWF only if its geometry and field history can be associated with a regular saddle point for which (3.1) has a rapidly varying phase.
In many dynamical models the NBWF predicts a multiverse consisting of a family of classical, closed Lorentzian universes. The individual universes in this multiverse are the integral curves of S and have tree-level probabilities proportional to exp[−2I R (h ij , φ)], which is constant along the integral curve [6] . Given that all our observations are conditioned on the existence of classical space-time we focus on the classical predictions of the NBWF from here onwards.
In our toy model landscape these include an ensemble of Lorentzian Friedman-Lemaître-Robertson-Walker (FLRW) backgrounds with Gaussian perturbations [6, 10, 26] . The NBWF has the striking property that it predicts only classical FLRW backgrounds which undergo some amount of matter driven slow-roll inflation. Intuitively this is because only universes with initially sufficiently small gradients can be smoothly glued onto regular saddle points. Hence the NBWF populates the landscape in a very specific manner: it provides a prior that selects landscape patches where the conditions for inflation hold.
The model landscape we consider has only single-field inflationary directions. In each of these the NBWF selects a one-parameter set of inflationary backgrounds. We label a 
IV. PROBABILITIES FOR OBSERVATIONS
Predictions for observations follow from conditional probability distributions P (O|D) for different values of cosmological observables O given our observational situation 12 D. These distributions can be directly obtained from the prior probabilities (3.2) of the individual universes by conditioning on D, taking in account its possible locations in each universe, and summing over features that are unobserved [8] . In our model landscape the probabilities for our observations take the form everywhere and retain only the small, short-wavelength, observable, fluctuations 16 . The probability distribution over coarse grained backgrounds in (4.3) yields a relative weighting of landscape directions and of inflationary backgrounds within a given direction. This is the central contribution of a theory of the quantum state to inflationary cosmology.
The TD weighting in (4.3) has a significant effect on the prior. The BU probabilities (3.2) favor backgrounds starting at a low value of the potential followed by only a few efolds of slow-roll inflation. However, the TD weighting strongly suppresses the contribution from universes starting below the threshold of eternal inflation. Instead it favors saddle points in regions of eternal inflation, simply because there are more possible locations of our past light cone on the resulting surfaces Σ s . In the next section we show that in directions of the landscape in which the potential has a regime of eternal inflation the low BU probability of histories starting above the threshold for eternal inflation is more than compensated for by the TD weighting.
V. NBWF PREDICTIONS IN LANDSCAPE MODELS
We now look in more detail at the contributions to (4.3) from different landscape directions. We first consider directions in which the potential takes a power law form V (φ) = λφ n .
In this class of potentials inflation can occur for φ 1 and ends when the slow-roll conditions break down at φ e ≈ n/ √ 2. In each power law direction the NBWF predicts a one-parameter family of inflationary backgrounds which can be labeled by φ 0 ≥ φ 0c where φ 0 is the absolute 16 Classical universes associated with nearly homogeneous saddle points starting with φ 0 > φ EI should be viewed as coarse-grained descriptions of eternally inflating universes, which retain almost no information about the structure on very large scales. In particular the near homogeneity of the saddle points constitutes neither a prediction nor an assumption of homogeneity on those scales. The homogeneous saddle points merely provide an estimate of the sum of the probabilities of an ensemble of classical histories with widely different structures on scales associated with eternal inflation. For power law directions the dominant contribution to the integral over φ J 0 in (4.3) comes from saddle points with a regime of eternal inflation. We illustrate this in Fig 2 where we plot the distribution P (φ 0 |D) over backgrounds that enters in (4.3),
where P T D is given by (4.2) and P (φ 0 ) by (3.2). /n(n − 2) for n ≥ 3 and N ≈ (µ/2) log(φ e /φ 0 ) for n = 2. The condition V > for eternal inflation holds for φ < φ EI = (µ 2 V 0 /n 2 ) 1/2n−2 . Hence saddle point histories with φ 0 > φ EI are nearly homogeneous whereas histories with φ 0 < φ EI are inhomogeneous on the largest scales. In terms of the potential parameters the scalar amplitude on COBE scales
In Figure 3 we plot the distribution P (φ 0 |D) over backgrounds for a hill-top potential with n = 2. The dominant contribution comes again from saddle points with a regime of eternal inflation. As before the case shown is representative for a broad class of plateau-like potentials including the n ≥ 3 hill-top models and R 2 inflation [19] which in the Einstein frame has a potential
For realistic values of the parameters we find
where F O is a function that expresses O in terms of ζ k,sw . As an example consider the standard multipole coefficients C obs of the observed CMB two point correlator. The NBWF probabilities for fluctuations around a given background are Gaussian to lowest order in their amplitude. The probabilities p (C obs |D) for a given are therefore essentially a χ 2 -distribution specified by a mean
where the C K are the theoretical multipole coefficients that completely characterize Gaussian Among different plateau potentials the NBWF favors those where the plateau is at a low value of the potential. This can be achieved by decreasing µ. This corresponds to an additional tuning, however, and hence such patches may be extremely rare in the landscape.
Nevertheless it indicates that the dominant direction will have a low plateau, leading to the further prediction of a low tensor to scalar ratio in the fluctuations.
VI. DISCUSSION
As a quantum mechanical system the universe has a quantum state. A theory of that state acts as a theory of initial conditions in cosmology and is a necessary part of a complete and predictive theoretical framework. We have shown that the quantum state in combination with the structure of the string landscape yields a cosmological measure, or prior, that
can to some extent be tested with observations. A key feature of a prior specified by a wave function of the universe is that it includes a probability distribution over cosmological backgrounds, which implies a relative weighting of different landscape regions.
We computed the probabilities for CMB related observables implied by the semiclassical no-boundary wave function in a toy model landscape that contains a range of inflationary patches representative of single-field models with only a few parameters. The predictions are in excellent agreement with the Planck data. Hence our results disprove the claim in [31] that the Planck observations put pressure on the inflationary paradigm. Having said this, it should also be clear that our results rely both on the structure of the landscape model and on the specific measure implied by the no-boundary quantum state. This can be illustrated by replacing the NBWF in our formulae with an alternative theory of initial conditions. For instance we can consider theories of initial conditions that strongly favor inflation at high values of the potential, such as the tunneling wave function [32] or chaotic initial conditions [18] . The top-down weighting (4.2) is the same for all states. Hence it follows from (5.1) that those theories predict our universe emerges from a region of eternal inflation near the Planck density. In our landscape model this selects power law potentials ∼ φ n , which typically have n > 2 at high values of the potential. The Planck observations therefore disfavor states like the tunneling wave function in models of this kind 19 .
